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FIELD OF THE INVENTION 

The present invention relates to aiignm«it of the fast and slow optical axes of the ^ds of 
two polarization maintaining (PM) fibers to* be fusion spliced to each other, in particular to 
alignment of elliptical core Sbets having relatively weak ellipticity. 

5 BACKGROUND 

Be&re splicing two optical fibers to each other, a proper mutual alignment of the fibers is 
essential, since this will minimize the optical attenuation for light propagating in the fibers and 
through the splice. In the particular case of aligning two PM fibers to each other, special regards 
to the geometry of the fibers have to be made. Like conventional fibers, commercially available 

10 PM fibers have a core region and a surrounding cladding, the cladding having generally a 
circular-cylindrical outer surface. However, the distribution of the refractive index over a cross- 
section perpendicular to the longitudinal axis of PM fibers is not drcular-sjomnetric with respect 
to the fiber axis as in the conventional case. 

For splicing PM fibers to each other an important issue is therefore to achieve a good 

15 angular alignment or azimuthal alignment, so that, for two PM fibers, regions of equivalent 
refractive indices are as close as possible to each other at the two opposite fiber end feces, located 
closely at each ottier, at which the fibers are to be spliced to eadi other. Two basic methods are 
frequently used for the angular alignment, the so-called active and passive alignment methods. 
Fpr the active alignment method, a highly polarized light source, a polarization extinction ratio 

20 (PER) meter and an apparatus provided with optical fiber rotators are needed. The PER is defined 
as the optical power ratio in dB form measured along two main optical axes. The angular align- 
ment can be achieved by maximizing the value of PER while rotating one fiber end with respect 
to the otha: at the splicing point A typical apparatus using the active mediod for angular align- 
ment of PM fibers was disclosed in 1992, see U.S. Patent No. 5,156,663, Oct. 20, 1992, for 

25 Keinichiro Itoh et al. 

The passive alignment method is perfinmed locaUy at the splice point with tiie assistance of 
digital imaging techniques in an autdmaied fusion splicer. Several different techniques have been 
developed for passively aligning PM fib^s. A method using an interferrace pattern to detennine 
the polarization axes of PM fibers was disclosed in 1994, see U.S. Patent No, 5,323,225, June 21, 

30 1994, fi>r Richaxd B. Dyott et al. A method using the photoelastic effect to determine Ae 
polarization axes of PM fibers was disclosed m 1995, see U-S. Patmt No. 5,417,733, May 23, 
1995, for Laurence N. Wesson. Methods of intensity profile analysis have also bem proposed, 
e,g, the fibCT side-view method, see H. Taya, K. Ito, T, Yamada and M. Yoshinuma, '*New 
splicmg method fi>r polarization maintaimng single mode fibers," Conf. on Optical Fiber 
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Communication (OFC'89), THJ2, 1989, and H. Taya, K. Ito, T. Yamada and M Yoshinuma, 
"Fusion splicer for polarization maintaining single mode jBtoer,*' Fujikura Technical Review, pp. 
31-36, 1990, and the fiber end-view method, see U-S. Patent No. 5,147,434, Sept 15, 1992, for 
K. Itoh, T. Yamada, T. Onodeia, M. Yoshinuma and Y. Kato, "Apparatus for fusion splicing a 
5 pair of polarization maintaining optical fibers", and U.S. Patent No- 5,156,663, Oct 20, 1992, for 
K. Itoh, T. Yamada, T. Qnodera, M. Yoshinuma and Y. Kato, "Apparatus for fusion splicing a 
pair of polarization no^taining optical fibers.'* More advanced techniques, see Wraxin Zheng, 
"Automated Fusion-Splicing of Polarization Maintaining Fibers," IEEE J. Lightwave Tech-, Vol. 
15, No. 1, 1997, e.g. the combination of the polarization observation by lens effect tradng (POL)- 
10 profile with Ae method of POL-coixelation for directly and indirectly determining the angular 
of&et of PM fibers, have also been disclosed, see Swedish Patent No. 9300522-^1, March, 1993, 
inventors Wenxin Zheng et al., U.S. Patent No. S,572313,Nov. 5, 1996, for Wenxin Zheng et al.» 
U.S. Patent No. 5,758,000, May 26, 1998, for Wenxin Zheng et al., and Swedish Patent 
application No- 0001708-7, May 9, 2000, for Wei-Ping Huang et al. These techniques were very 
15 successfiiUy employed in automated arc fusion splicers for the most common PM fibers then 
available in the maricet, e.g. the Panda and the Bowtie fibers. 

Recently, elliptical-core fibers have attracted great interest in construction of communica- 
tion systems, e.g. in constructing erbium-doped PM fiber amplifiers and optical fiber sCTSors. Un- 
fortunately, the existing alignment techniques, see the above-cited patents on POL-profile meth- 
20 ods, can hardly generate stable and consistent results of angular alignment for the elliptical-core 
type due to primary technical limitations. For example, the methods are not sensitive enough to 
accurately measure the small variations in the intensity profiles when rotating the fibers. Thus, 
there is a need in the art to improve the existing alignment techniques, in particular those based 
on the POL-profile, in order to be capable of handling all types of PM fibers. 
25 In particular, these problems appear in illuminating each fiber from a side thereof and 
regarding the fiber as a cylindrical lens, observing the light intensity variations in the focal plane 
along a line perpendicular both to the longitudinal axis of the fiber and to the propagation 
direction of the illuminating ligjit source. Typically, the intensity has a coitral peak diat varies in 
height when the fiber is rotated about its longitudmal axis, see the Swedish Patent No. 9300522-1 
30 and Swedish Patent application No. 0001708-7 cited above. In this context it is interesting to 
calculate the light contrast, A, which is the difference in intensity between the cwitral peak and the 
suzrounding region. The profile of die light contrast is obtained as the variation of the Ugjit 
contrast as a fimction of the angle of rotation, i.e. die azunuthal angle, 

A highest possible contrast of A-values, i.e. of the difference between the maximum and the 
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minimum h values in the profile of the li^t contrast* is essential to ensure a high quality of the 
contrast profile. It turns out tiiat, for PM fibers of elliptical core type the contrast of the A-values 
is usually less than 10 grey scale levels as measured in a typical automated fusion splicer. The 
light contrast profile thus in this case becomes extremely sensitive to the adjustment of the optical 
5 image system of the splicer used 

SUMMARY OF THE INVENTION 

It is an object of the invention to provide a metiiod and a device for improving the quality 
of the optical measurement of A values for PM fibers and in particular of the contrast in measured 
POL-profiles. 

10 Thus geiiCTally, a carefiil adjustment of the plane in which the contrast is observed, i.e. of 

the focal plane, is made. 

The adjustment of said plane is done on obs^^g the li^ intensity variations in the plane 

in order to achieve a sharpest or highest possible contrast This sharper contrast results in a much 

better estimation of the angular position of the principal optical axes of PM fibers using the POL 
15 method, this estimation method being suited to align PM fibers of all types, especially PM fibers 

having elliptical cores. 

A solution to the above problem may thus be adiieved by observing that the focal distance 
of a PM fiber illuminated from the side thereof varies sUghtly according to the asymmetry m 
optical transparency that appears during rotation of the fiber about the longitudinal axis thereof. 

20 A "best match plane", in which the highest contrast of ^-values can be obtained, should generally 
result when the observation plane matches the focal plane, and in particular for angular positions 
of the considwed fiber for which the slow optical axis of die fiber also is approximately oriented 
along the propagation direction of the illimiinating light-rays and the optical axis of the image 
system, this direction and the axis bdng assumed to be paralld to each other. It is found that die 

25 accepted error in determining the position of the best matdi plane along the lig^t-ray direction 
depends strongly on the PM fiber considered. For PM fibers having elliptical cores, tiie 
acceptable position error is ^ically only a few ^xn. 

The method proposed herein improves the processes disclosed in Swedish Patent No. 
9300522-1 and Swedish Patent application No. 0001708-7 cited above, by employmg a so called 

30 "^auto-defocusing" method to automatically search for the best match plane. The advantage of 
such a process is that it yields a better predsion m aligning PM fibers having elliptical cores for 
optimum positions during e.g. a fiision splicing procedure. 
BRIEF DESCRIPTION OF THE DRAWINGS 

The following drawings are referred to in the desoiption of particular embodiments by way 
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of example only, and are not to be thought of as limitative. In the drawings: 

- Figs, la, b are schematic views of an apparatus for alignment of two PM iibers. 

- Fig. 2 is a schematic diagram showing the significant diflference in ligiht contrast h for two 
orientations of a Panda fiber. 

5 - Fig. 3 is a diagram showing a typical light contrast profile obtained for a Panda fiber. 

- Fig. 4 is a schematic view of major types of PM fibers, in which the principal optical axes for 
the fibers are marked correspondingly. 

- Fig. 5 is a diagran showing a typical light contrast profile obtained for a PM fiber having an 
elliptical core. 

10 - Fig. 6 is a schematic view of an optical imaging apparatus for searching ttie best match plane in 
an auto-defocusing application. 

- Figs. 7a, b are images taken from two defocusing directions, some tens of pm away on either 
side of a reference plane. 

- Fig. 8 is a program flow chart iUustrating the method of alignment in fiision splicing with the 

19 aid of auto-defocusing. 

DETAILED DESCRIPTION 

The basic components of an automatic optical fiber splicer adapted for splicing PM fibers 
are shown in the schematic diagrams of Figs, la and lb. Fig. la is a schonatic of the optical 
arrangement near the ends of two PM fibers 1 and 1 which are to be fiision spliced to each other 

20 usmg an elecfrical discharge between points of two electrodes 3. Two light sources 1 1 illuminate 
the splice position of the fib^s firom the sides thereof by parallel light rays in two perpendicular 
directions. Since an optical fiber itself works as a cylindrical lens, a varying Ught intensity 
distribution ^ears in file focal plane of the fiber, as for instance observed along a line located in 
the focal plane and located p^pendicularly to tiie longitudinal axis of the optical fiber. By using 

25 suitable focusing assemblies illustrated by optical lenses 7, four light intensity distributions, as 
taken in the object planes of the lens assemblies, one for each fiber end and for each direction, are 
in turn imaged onto the light sensitive surfaces of TV cameras 9, comprismg e*g. plates cairyfaig 
CCD elements. Each picture cqstured by fce cameras thus comprises intiages of the ends of tiie 
two PM fibers at the splicuig position. The TV si^pals corresponding to each c^tured picture are 

30 then processed in a video inter&ce 3 1 to conv^t the intensity values of the pictures to a suitable 
format for turttier processing in an image processmg and analysis unit 15 and subsequmt 
presentation on a video monitor 17. 

In Fig. lb some more details of the mechanical and electrical arrangements of the fiber 
splicer are shown . The end portions of the PM fibers 1 and 1' are thus firmly kept in place by 
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rotating fixtures 22 carried by retainers 21 during the alignment and splicing operations. By 
motors 23, the retainers 21 are displaceablc in three orthogonal directions, x, y and z, the z- 
direction e.g. being taken to be parallel to the longitudinal direction of the fiber ends, see Fig. la, 
and flie rotating fixtures are lotatable over an angle of 360''. To the electrodes 3 and die motors 

s 23 electric lines extend fi^om driver circuits 27 and 29, respectively, in an electric circuit module 
25- The TV camera 9 is electrically conaected to a video inter&ce 31 in the electric circuit 
module 25 that is in turn connected to the image processing and analysis unit 15 for delivering 
captured image information. The various steps for the processing of input data are controlled by a 
processor logic circuit 33 in the electric circuit module 25 providing control signals to the driving 

10 circuits 27 and 29 in accordance with output data of the unage processing and analysis unit IS. 
That is, as the result of a particular analysis of ttie distribution of light intensity in the focal planes 
of the PM fibers I and 1 % the fiber ends are displaced in relation to each odier according to given 
processing algorithms. At the same time information is by the processor logic circuits 33 
provided to the image processing and analysis unit 15 for controlling the processing and analysis 

15 perfoTmed therein. Also, the processor logic unit 33 controls the times when an electric high 
voltage is to be provided to the electrodes 3, thus starting an electric current to flow in the 
discharge between the points of the electrodes, and it also controls the duration of this current and 
the intensity of the current The processor logic unit 33 also controls tiie illumination of the light 
sources 11. 

20 From the images captured by the TV camoas 9 flic light intensity distributions along 

suitably chosen lines perpradicular to the longitudinal direction of ttie ends of Oie fiba:s 1, T in 
the focal planes of fibers 1 and 1 ' are determined by the image processing and analysis unit 15. 
From these determined intensity distributions tiie light contrast h for each line is calculated by the 
image processing and analysis unit IS as the differoice between the maximum intensity in the 

25 central peak of die respective ^stribution, tins peak corresponding to the longitudmal center line 
of the image of the fiber ends, and the relatively constant li^t intensity of regions of the 
distribution located next to and on die two sides of ttie peak. It is observed that the A-value varies 
when rotating the respective fib^ end about the longitudinal axis tha«of. The variation results 
from the optical asymmetry of PM fibers such as stress zones and/or refiiactive index differences 

30 flxat have been introduced in die cladding and/or core of such fibers. The lade of optical 
symmetry results in a significant difiference m A-value firom one azunuthal ang^e or angular 
position to another one. The A-value can thereby indicate the position of the optical asymmetries 
of the fiber end. The A-values detCTnined fiom the corresponding intensity distributions when 
rotating flie PM fiber ends* e.g. over a fiilLtum, give a ligjxt contrast profile as a function of the 
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angular position firom which it may he possible to determine the angular orientation of die optical 
asymmetries and therefirom the polarization axes of the respective end of a PM fiber. Fig. 2 
illustrates significantly different A-values obtained for a Panda PM fiber at two unique 
orientations, i.e. along the slow and fast optical polarization axes, respectively. 

5 Fig. 3 is a diagram showing a light contrast profile measured for a typical Panda PM fiber, 
i.e. the A-values as a function of the rotation angle. It is observed that a two-peak structure 
appears periodically m the profile. The periodicity is directly correlated to flie symmetry of the 
fiber with respect to the longitudinal axis of the fiber. The main peaks in the profile indicate tike 
angular position of the two optical polarization axes, i,e. the fiist and the slow axis, of the fiber 

10 end. The center position of the highest peak in the profile direcfiy indicates the angular position 
of the slow axis of the considered PM fiber. This results fiom the fact that the li£^t contrast 
gradually increases with decreasing angular of&et between the propagation direction of light rays 
and the slow optical axis. This phenomenon is true for PM fibers of tnost types, e.g. Panda and 
Bowtie fibers and PM fibers having elliptical jadcets or elliptical cores. The principal optical axes 

15 for diese PM fibers are shown in the cross-sectional views of Fig. 4. 

The angular orioitation of the polarization axes of PM fibers can be determined as the 
positions of the slow optical axes, as given by profile analysis described above, in rdation to 
some arbilxary z&x> value of Ae azimutfaal or rotation angle. The zero value may be selected to be 
e.g. the initial calibration or zero position of the fiber rotary fixtures 22. The angular positions of 

20 the &st optical axes are then 90^ away fi-om the angular positions of the slow optical axes. 

From a close inspection of Fig. 3, a detailed structure is seen in ttie highest peak. This 
structure can mainly be attributed to the influence of the fib^ core on the ligfht transmission 
acaross the stress zones, at a some^at small range around the angular position of the considered 
fiber end in which the slow optical axis is parallel to the direction of observation. Therefore, it is 

25 necessary to select a suitable metfiod modelling the light contrast profile and extracting more 
detailed infommation fixmi the profile so that the position of the slow optical axis can be 
accurately determined. 

In die diagram of Fig. 5 a typical light contrast profile measured fi>r a PM fiber having an 
elliptical core is plotted. Significant differences between this profile and that measured for the 
30 Panda fiber, see Fig. 3, can be observed. Fkst, for a PM fiber havmg an elliptical core, only one 
peak periodically appears in the profile, this peak indicating the slow optical axis of the fiber. 
Second, ttie range of the A-values is one order of magnitude smaller, actually aroimd 10 grq^ 
scale levels in the case of PM fibers having an elliptical core as measured in a typical automatic 
fiber splicer, compared to that obtained for the Panda fiber which is around 1 00 grey scale levels. 
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This small range results from the feet that the difference in lengtti between the major and minor 
elliptical axes of Ae core in PM fibers having an elliptical core is very small, only 1 - 2 ^im in a 
typical case. It is from general experience in the field of measurements obvious that a profile 
having a low variation range will often give a low accuracy of the determined angular positions 

5 of the polarization axes and thereby a low quality of the angular alignment that is based on the 
determined angular positions. Therefore, special techniques, like "auto-defocusing"' to be de- 
scribed hereinafter, have to be employed to overcome this problem. 

For the angular alignment of two PM fiber ends, general steps can be performed as follows: 
select a well-defined sampling range of angles, typically 360*^, in which the light intensity 

10 distribution is measured and therefrom calculate light contrast profiles for the two PM fiber ends, 
find the slow optical axes by a careful analysis of obtained profiles, and align the slow axes of the 
two PM fiber ends with each other. For the numerical calculations necessary in executing the 
method, it may be assumed that flie total number N of measured points for constmction of the 
light contrast profiles of the two fibers can be represented by two vectors, {®a, ©b} respectivdy: 

15 

where 8a o and Bb o are the initial azimudial angles with respect to the zero values. If the basically 
20 arf>itrary, initial positions of the fiber rotators 22 are selected as the zero values, 9a o= 8b o = 8a, 
axis and Qb^axis are the azirauthal angles where the slow optical axes are located, i.e. at these angles 
the slow optical axes are parallel with the respective observation direction which is in the optical 
axis of the respective lens assembly 7 . Thus, the angular oi&et A© between the polarization axes 
of the two fiber ends is given by: 

25 

A0 = |eaari.-8b«^rl (3) 

It should be observed that neither of the true values 9a axis nor 9^ axis normally is an angle at 
which a light intensity distribution is measured but these angular position are usually located 
30 between two angular positions at which measurements are made, the measurements being made 
for angles having a finite, constant spacing. The accuracy in the determination of the angles 8a axis 
and 8b axis mainly depends on the short range variation of light contrast profiles, the selection of 
the mode! used in the evaluations, as will be described hereiaait^, and the quality of the 



8 

mechanical rotatois 22 tised Al&ough the accuracy of angular alignmrnt of the polarization axes 
is not directly detennincd by the number N of measured values, it is preferable to take a relatively 
large number of JV, typically 90 - 180 points within a range of 0 - 180** or of 0 • 360**, dq)ending 
on the symmetry of the fibers and requirements on the resoluticm of fhe profile. 
5 After the fiision splicing has been carried out, the remaining angular of&et Ad between the 
two slow axes of the two PM fiber ends can be found by detecting the slow axes using the same 
method as discussed above, rotating the two spliced fiber ends as one unit. The ofiEset Ad can be 
used to estimate the degradation of polarization extinction ratio, PER» due to the splidng 
opmition. This d^adation is denoted by AT and is given by: 

0 

AT = Fbe&re - rafter (4) 

Faiicr = 10 log {(1 + p cos2 AS) / (1 - p cos2 Ad)} (5) 
p-(10'W'^»«- l)/(10'^bcfi>«.''^' ^ 1) (6) 



15 where Tbefbre and Tafter are the PERs just before and just after the splicing operation has taken 
place, respectively. The Tbefore and Fafter are usually obtained from the measured PER of a highly 
polarized light source, taken at the far ends of the first fiba: 1 and the second fiber I \ respective- 
ly. In equations (5) and (6) it is also assumed that a short piece of the second fiber 1 *, typically 2 
meters in length, should be used to perform measurements of rafter so that the degradation of PER 

20 caused by the splice can be isolated. 

In order to accurately determitie the location of the slow optical axis fiom the light contrast 
profile a curve fitting process, a so-called Chi-Square (x^) fittmg, can be used. Within the frame 
of this method, it should be possible to model the measured profile by the superposition of 
analytic functions plus a noise backgroimd. Thus, the quality of curve fitting can be evaluated by 

25 a reduced Chi-Square (y^) function. The reduced function can be expressed by: 



(7) 



J 



vrbere : aij, a2j, ajj, . . . ) is an analytic fimction with tfie >tii fitting parameter aij, a2j, asj, 
30 ... and is the average of the i-Qi measured A-value at the azimuifaal angle ,^ with a measure- 



ment arror-bar zlF,. H«e, the -dFi is estimated by the standard deviation: /iF, « 
^^J^m^C^iy-J'Mf > where Z"^^) is the /-th individually measiued A-value of the total 

vataes of unities, at the angle and is the total number of A-values, or the total number of 
measurement pomts in azimuth. C is a constant value that represents the noise background of the 
imaging system. // is the number of fitting parameters varied during the fitting procedure and n is 
the number of indqiendent analytic functions used in the fitting procedure. 

In the profile analysis, it turns out tiuit a sin^e Gaussian function can be a suitable analytic 
function for modelling tiie highest peak whrae tiie slow optical axis is located. Thus, ttie equation 
(7) can be reduced to: 

where 0(i51 ; ai , aa, ay) is the Gaussian function with fitting parametaa au fla and a^. The 
parameter ai stands for the height of the function, and the parameters ai and stand for the 
expected center position of the highest peak in the proffle and the full width to half maximum 
(FWHM) of the peak, respectively. Hie best set of fittmg parameteis {ai^^est. axte^u attest, Q is 
the one that maximizes the probability of the Gaussian function representing the measured data of 
the function F{^). Practically, the parameters {ai^tesh «z/«sf, a^.best, C} are input to a numerical 
iteration loop in which is calculated- To succeed in the fitting process the parameters are then 
changed in a systematic way in ordCT to achieve a desired result of x^»l. Thus, the position of the 
slow optical axis will be given by a^.^/. TTie initial values {ai,o, a2,o, ^3,0, C) for fitting are 
determined by a pre-analysis of the height profiles, and e,g. a^o = Afax[F{^)l ai^ = 
^{MaxiFi^)]}, ^3,0 = 2\a2fi - Sk {Mzx[F(i5i)]/2}|, C = Min[Fi^y] can be chosen. 

According to basic math«natics, the light contrast profile can in principle be represented by 
any set of elmientary functions, e.g. polynomial and rational functions, logarithmic, exponential, 
power and hypeibolic functions, trigonometric and inverse trigonometric functions, etc. The 
selection of file analytic functions depends mainly on the requirem^xts on the alignment accuracy 
and the time for executing the necessary calculations. These requirements may vary depending on 
the type of PM fiber considered. One typical example is a truncated Fourier series that was 
successfully used for modeUing the POL-profiles of Panda and Bowtie types of PM-fibers, see 
Wenxin Zhrag, "Automated Fusion-Splidng of Polarization Maintaining Fibers", IEEE J. 
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Lightwave Tech., Vol. 15, No. 1, 1997. 

As is derived from the discussion above, a largest possible range of variation of the h- 
values is essential to ensure a hi^ quality of light contrast profile and thereby a high accuracy of 
the angular alignment of the polarization axes. Unfortunately, as has been mentioned above, for 

5 PM fibers having elliptical cores, the variation range of the A- values is usually less than 10 grey 
scale levels as measured in a typical automated fusion splicer. This makes the profile and in 
particular calculations based thereon extremely sensitive to the adjustment of the optical image 
system. In Fig. 6 a typical optical image system \ised for alignment in an automated arc fiision 
splicer is schematically illustrated. In this case, the fiber is illuminated by a ligjit emitting diode 

10 (LED) 60. A diffuser 70 is installed in front of the LED to improve the illvunination. From the 
diffused light a sharp light intensity distribution is formed in a focal plane of the fiber end 1, 1' 
for a given azimuthal angle. However, due to flie changing optical transmission transversely 
through the fiber end during azimuthal rotation thereof, the position of ftte focal plane varies. 
Thus, "an effective focal plane" 80 having a certain width W, indicated by a grey field in Fig. 6, 

15 is formed. On the other hand, the observation plane 90 of the optical image system, indicated by 
the thick black line in Fig. 6, is usually very shaip, i.e. has a very small dqpth or thidmess^, due to 
tiie high quality of the optical system symbolized by the lens 7. It can be realized that the best 
observation plane for the piupose of determining an accurate value of the location of the slow and 
fast axes of a PM fiber should result the observation plane approximately coincides with 

20 tiie focal plane obtained when the slow optical axis of the considered fiber is oriented in tiie 
propagation direction of the illuminating light rays and parallel to the optical axis of the imaging 
system 7, see Fig. 6. For tiiis orimtation, tiie slow optical axis can obviously be resolved in a best 
way and the largest variation range of the A-values can be accordingly obtained. Urns, for such a 
setting the best quality of the light contrast profile for determining the desired angles is obtained. 

25 It is found that the accepted mismatch distance in terms of the position of the best observation 
plane depaids strongly on tiie type of PM fiber considered. For PM fibers of the type having an 
elliptical core, the accepted mismatch distance is typically only a few (im. 

An '*autD-defocusing" process will now be described that aims at automatically searching 
for the best observation plane. This process can be divided into five steps: (1) finding an approx- 

30 imate angular orientation of the slow optical axes for the two fiber ends which are to be fusion 
spliced to each other and aligning these axes with each other based on the findings, (2) fibtiding a 
reference position of the optical system for starting the process of defocusing, (3) determining the 
direction for defocusing, (4) searching for the best observation plane, and (5) finding an improved 
oriCTtation of the slow optical axis for each of die two fibezs. 
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The step (1) is straightfbrwaixi and makes lase of the numerical process discussed above. 
For step (2), a reference position of the optical or imaging system for the defocusing process can 
be taken to be the position or setting of the optical system having an observation plane 90 for 
which a sharp image of the fiber cladding sides is obtained as viewed in the direction of the 

5 optical axis of the imaging system 7 since the position of such an observation plane at the sides is 
neaiiy independent of the actual fiber type for fibers having the same cladding diameter. 
Alternatively, the reference position can be taken to be the position in which the central part of 
the light intensity distribution, corresponding to the center of the image of the fiber end and the 
area next around it, is sharply imaged on the light sensitive area of the camera 9. This position 

10 also varies only slightly for fibers of different types. In performing step (3), a special procedure 
of image analysis is executed as will be d^cribed hereinafter. 

In Figs. 7a and 7b two images are shown which are taken for the observation plane moved 
in the two opposite defocusing directions, to positions some tens of jim away from the reference 
position, corresponding to moving the observation plane to the right side as seen in Fig. 7a, i.e, 

IS closer to the imaging system 7, and to the left side, i.e. farther away firom the imaguig system as 
seen in Fig. 7b, with respect to the effective focal plane or region 80 indicated in Fig. 6. The light 
intensity distributions, shown by white lines, obtained fi-om the images are seen to be significant- 
ly different for the two defocusing directions. Furthermore, it is observed that a best observation 
plane can only be found when moving the observation plane in the same direction as that used for 

20 capturing Fig. 7b. 

Thereftjre, a threshold can be set to easily identify the correct searching direction. After the 
correct searching direction has been determined, numerical iteration loops with a predefined 
searching range and with a predetermined length of the iteration steps are set in the procedural 
step (4). A typical searching range and a typical step length, may be 20 jim and 0.5 |im, re- 

25 spectively. The calculations perfonning in an iteration loop will thus be tCTninated if an 
acceptable degree of deformation of the light contrast profile is found. Whether die degree of 
de&rmation is acceptable is obtained by a comparison between the absolute deviation AAi of the 
A-values and two predefined tiureshold values hc\ and Ac2. The values and hti are ex- 
perimentally determined quantities indicating two typical types of deformations, called flatness 

30 and sparking, respectively. The absolute deviation is calculated in the following way: 




(iO) 



and it should fulfil the conditions 
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AAi rS Ac2 (12) 

5 whCTe Aci ^ Ag2- is a number of steps smaller than iV-l for checking the degree of deformation 
and the preselected value thereof depends on the slope of the light contrast profile for the PM 
fiber of the type considered. Typically,/? has a value in the range of 3 - 5. The procedural step (5) 
is again straight-forward according to the above discussion of the numerical fitting process. 

It should be pointed out that the "auto-defocusing** process outlined above may not be 

10 necessary for PM fibers having a large variation range of their A-values, such as for Panda and 
Bowtie fibers. This results firom the fact that the acceptable mismatch distances for such PM 
fibers are much larger, at least 2-3 times larg^ than for PM fibers having elliptical cores. 

Based on the concepts above, a simplified program flow chart comprising steps executed in 
the method of principal optical axis alignment that includes an auto-defocusing procedure is 

15 shown in Fig. 8. Referring to this chart and the block 105 therein, the ordinary fusion process 
starts by cleaning the PM fiber mds and then aligning them linearly, i,e. aligning the outer sides 
of their claddings or aligning them based on the sharp focusing at the center of fiber images, by 
moving the retainers 21 in the respective coordinate directions x, y, and z, see also Figs, la and 
lb. In the next step, block 110, the retained fiber ends are, by operating the rotary fixtures 22, 

20 simultaneously rotated to move in parallel as a single unit by suitable angular steps, e.g. over a 
full turn. For each angular step images are captured as imaged by the lens assemblies 7 and 
received by the TV cameras 9. Then, fi-om the captured images, in the image processing and 
analysis unit 15 the light intensity distributions along suitably selected lines perpendicular to the 
longitudinal axes of the fiber images are detennined and recorded. From the detemiined intensity 

25 distributions the contrast profiles, i.e. the A-values as fimctions of the rotation angje, are dmved 
in the same unit 15 and curve fits are canied out as described above. Finally^ fiom the fitted 
curves the angular positions of the slow and fast optical axes of &e PM fiber rads are detennined. 

In the next block 115 die variation range of the A-values calculated for each of the two PM 
fib^ ends is detennined as the difSsxmoe between the maximum and minimimi of /r, (hm ^ Amin)« 

30 and it is decided whethca* the determined range (Amw - Atnfa) for each of the two PM fibars is 
larger dian or equal to some predetennined value, sudi as 30 in a standard automated splicing 
apparatus. If the range is decided to be larger than the predetermined value the auto-defocusing 
procediire is not necessary, and thra in block 120 alignment of the polarization axes of the two 
PM fiber ends can be performed, by calculating the angular of&et A® or difference in angular 



13 

orieaitation of the slow optical axes of flw PM fiber ends and thai lotatiiig the fiber ends with 
respect to each o&er by an angle conresponding to this difference. The ordinary fiision procedures 
is thai carried out in the final block 1 25. 

If m file block 1 15 the variation range of the A-values for eiflier fiber is decided to be 
i smaller than the predetermined value such as 30, a block 130 is executed, in which first die 
polarization axes of die two PM fiber aids are roughly angulariy aligned witihi each other, by 
rotating the fiber ends in relation to each other as described above for block 120. Then, a 
reference position of the fi)cusing settmg of the unaging system is determined based on a shaip 
focusing either on the fiber cladding sides or on the longitudmal central part of unages of the 
fiber ends, as discussed above. The direction in which to start the defi>cusmg procedure is then 
found by moving the observation plane to a position doso: to the unagiiig system 7 and to a 
position more distant of the unaging system, rotating the fiber ends to have their slow optical 
axes located jq)proximately parallel to the optical axis of the imaguig system and cs^rturing 
images for each of the fibers, determining light mtensity distributions along suitable fines as 
described above and evaluating die determined mtoisity distributions to find the position in 
which the intensity distribution has die steepest and sharpest edges. Hiis position is taken to 
indicate die direction m which die observation plane should be moved to obtam an mtensity 
distribution having flie largest variation range. An iteration loop is flien started in die next block 
135 by moving tiie focus, i.e. the observation plane, fi-om the referoice position by one stqp 
having a predetermined lengdi in the determined direction. In block 140, the PM iiber ends are 
simultaneously rotated stepwise, images are simultaneously taken for each step, light mtensity 
distributions along lines are determined, the contrast profiles are calculated and the angular 
positions of the principal optical axes for each fiber end are determined, m a way similar to tiiat 
described above for block 1 10. The steps are taken in an angular intesrval located symmebically 
about the set angular position in which the slow optical axes are approximately parallel to the 
observation direction/optical axis of the imaging system. Thereaftw, in block 145, tiie absolute 
deviation of the values of the now detamined contrast profiles, i.e. the A-values, is investigated, 
while choosing the number of checking steps /? = < iV-2 and calculating die absolute variations 

^1 Zil^M -*t| for aM integers i = 1, 2, 3, N-p-l, such that the range when calculating die 

absolute variations includes the maximum and the minimum values of the light contrast profiles. 
In block 150 it is decided wheflier the two conditions are fulfilled, Ah; > Aci and AAj <, h^2, for all 
i:s where Aci and Ac2 are die flatness and sparidng criteria, respectively, as discussed above, and 
hc\ ^ Ac2. hi ttie case where it is decided tiiat die AAi fulfil die conditions, whidi means diat die 
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autf>*defocasing procedure has been successful, the process continues to the block 120, in which a 
final alignment of the polarization axes of ibs fibm is performed as described above. 

If it is decided in the blodc ISO that die calculated absolute deviation Ahi does not fiilfil the 
conditions, the auto-defocusing procedure continues by performing block 13S again, moving die 
observation plane by the same step in the same» detennined direction of defocusing as has been 
described above. 
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CLAIMS 

1- A method of aligning the polarization axes of fiber ends of two optical polarization 
m aintai ni ng fibers with each o&er, comprising the successive steps of: 

- placing the fiber ends at eadi other with longitodinal axes of Has fiber ends aligned wifii each 
s odier, 

- rotating flie fiber ends in repeated angular steps around the longitudinal axesofthe fiber aids to 
take successive angular positions, thai for each angular step or angular position: 

- - capturing images of the fiba- ends as seen in an observation plane, 

- - detennining fiom each captured image a U^t intensity distribution along a Ime perpendicular 
10 to file longitudinal dffectionofeachofthe fiber ends, and 

- - determining fixnn the determined lig|it intaisiQr distribution a contrast value h for each fiber 
end, 

- this resulting fiw each fiber end in a Ught contrast profile of A-values detemiined as a fimction of 
the angular position, 

15 - detennining fi-om the light contrast profiles file angular positions of flie polarization axes of the 
fiber ends, and 

- rotating the fiber ends in relation to each otiier by an angle equal to fixe difiference between the 
angular positions of the polarization axes of the fiber ends, 

characterized in fliat in the substep of caphmng images of flie fiber ends as seen in an 
20 observation plane, tiie observation plane is takoi so fliat the variation ranges, ie. the differences 
between maximum and tiie minimum vahies, of the resulting light contrast profiles obtain largest 
possible values. 

2. A method according to claim 1, characterized in that when taking fiie observation plane, 
focusing is first made on exterior cladding sides of the fiber aids, as seoi in an observation 

23 direction, so tiiat the observation plane in a referoice position passes through the longitudinal 
axes of the fibw aids, or focusing is first made to obtain sharp images of areas of the images 
corresponding to central longitudinal areas of the hnages of die fiber ends, and tiiat then the 
observation plane is moved a distance forwards or backwards iiom the reference position. 

3. A method according to claim 1, characterized in that when taking the observation plane, 
30 the following steps are performed: 

- first movmg the observation plane to a referoice position where a sharp focus is obtained of 
exterior cladding sides of the fiber ends, as seen in an observation direction, so that the 
observation plane in the reference position passes tiut>ugh the longitudinal axes of the fiber ends, 
or where focusing is such that sharp images of areas of tiie unages coiresponding to coitral 
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longitudinal areas of fhe images of the fiber ends are obtained, and 

- then fit)m the reference position making an iterative seardi by moving the observation for 
determining the observation plane in which images of the fibers are captm^ed. 

4. A method according to claim 3, characterized in that in making the iterative search, 

5 - first a direction for movement of the observation plane is detmnined, the direction being either 
forwards or backwards, and 

- then moving the observation plane in repeated steps of a predetermined first length bom the 
reference position and in the determined direction of movement. 

5. A method according to claim 4, characterized in that in determining the direction for 
10 movement, the direction is detamined by moving the observation plane forwards and backwards 

from the reference position by a step of a second predetermined lengdi and determining for each 

position the variation of the light contrast profile. 

6s A method according to claim 3, characterized in that before the iterative search the fiber 

ends are rotated, using the determined angular positions, to reference angular positions in which 
15 their slow polarization axes are parallel to the observation direction and then for each step of flie 

iterative search, first the fiber ends are rotated by repeated angular steps about the longitudinal 

axes to take angular positions within an interval centered around the reference positions, and die 

light contrast profiles are determined for the interval, flie search stopped in the case where all the 

light contrast profiles have a suitable variation. 
20 7. A method according to claim 6, characterized fai that in determining the variation for 

the determined light contrast profiles of each fiber end, degrees of deformation are calculated 

according to Ah^ = J^jAi^.! - j , i = 1, 2, N-p-l, where is the number of angular positions 

within the interval, p £ iV-2 is a predetermined number of checking steps and Xr= 1, 2, A^are 
the determined Ught contrast values within the interval, 
25 - stopping fhe iterative search whai all die degrees Ah\ of deformation are within a prescribed 
range of values, i.e. fhi < AAi < /ic2» where /r^ and h^i are predetermined threshold values, for all 
values of L 

8. A device for aligning the polarization axes of fiber ends of two optical polarization 
maintaining fibers with each other, comprising: 
30 - two retainer means, each one arranged to hold an end of an optical fiber and adapted to displace 
and rotate the end a full turn about the longitudinal axis of the ^d, 

- control means connected to the two retainer means for controlling them to align the longitudinal 
axes of ends of optical fibers held by the retainer means and to move the ends into a close 
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relationship at a splice position and then to rotate the ends, 

- a light source for illtonioating by parallel light the ends at the splice position from a side of the 
ends, 

- a TV camera having a light sensitive surface and providing video signals, 

s - a lens assembly having an optical axis for imaging the splice position taken in an observation 
plane onto the light sensitive surface, the TV camera thereby capturing images of the splice 
position, 

- processing and analysis means connected to the control means and to the TV camera for 
processing and analyzing video signals received from the TV camera, 

10 - the control means adapted to control the retaiuCT means to rotate tiie fiber end in repeated 
angular steps around the longitudinal axis of the fiber end to take successive angular positions, 
and then for each angular position to control the processing and analyzing means to determine 
from the image captured in each angular position a light intensity distribution along a line 
perpendicular to the longitudinal direction of the fiber end and to determine from the determined 

15 light intensity distribution a contrast value A, this resulting for each fiber end in a light contrast 
profile of A- values determined as a fimction of the angular position, 

- the control means further adapted to control the processing and analyzing means to determine 
fiom the determined tight contrast profiles the angular positions of the principal polarization axes 
of the fiber ends, and 

20 - the control means fiirthear adapted to control the retains means to rotate tiie fibers ends in 
relation to each other by an angle equal to the difierrace betwera the detemuned angular 
positions of die principals axes of flic fiber ends, 

characterized In that the control means are arranged to control tiie retainer means to move the 
fiber ends so to make the observation plane take a position so tiiat the variation ranges of the 
25 determined light contrast profiles obtain largest possible values. 

9. A device according to claim 8, diaracterized in that the processing and analyzing means 
comprise: 

- calculating means for calculating the variation ranges as the differences between maximum and 
minimum values of the determined U^t contrast profiles, 

30 - comparing means connected to tiie calculating means for comparing the variation ranges to a 
prescribed value, and 

- decision means connected to tiie comparing means for decidhig if the observation is to be 
moved to a new position. 
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ABSTRACT 

The polarization axes of the ends of two PM fibers are aligned in an automatic fiber splicer 
by first making a linear alignment of the fiber ends (1, V) using movable retainers (21) the same 
way as for conventional slicing. The fiber ends are rotated by rotatable fixtures (22) to capture 

5 images by a camera (9) and therefix}m, in an image processing and analysis unit (15), as 
controlled by logical circuits (33) light contrast profiles are determined as functions of the 
angular position. From the light contrast profiles the polarization axes are determined and then 
they are aligned with each other. The images are captured of an area at and around the fiber ends 
as seen in an observation plane. This observation plane is taken to have such a position that the 

10 variation of the ligjht contrast profiles is sufficiently large, this making the determination of the 
angular positions of the polarization axes have a sufficient accuracy, also for for example 
elliptical core fibers. 



15 (Fig. lb) 
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Start ordinary fusion process 
including fiber cleaning and 
aligmnent in x,y,2 coordinates. 
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Rotate both fibers, take images, 
calculate contrast profile and the 
principal optical axes of eadi fiber. 



Calculate angular offset A0 and 
align fibers with each other by 
rotating fibers corresponding to 
this difference. 
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Complete ordinary fiision 
procedures 
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Align the slow optical axes of the 
fibers with one another, find 
reference position based on focus of 
cladding side and identify the 
direction for defocusing. 
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Move observation plane one step m 
the found defocusing direction. 
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^ Rotate fiber, take images, calculate 
contrast profile and the principal 
optical axes. 
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Calculate degree of defonnation 
for giv«i number of checking steps, 
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